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(57) Abstract: Moior control of a variable rcluciance motor is ob- 
tained by providing a periodic voltage waveform lo a coil of a motor. 
No coil current control or current or flux feedback is needed lo obtain 
Mux waveforms that allow for low-distortion or distortion-free oper- 
ation of the motor. The periodic voltage waveform may be a sinu- 
soidal or sawtooth signal, for example, and has a substantially zero 
mean for each cycle of the signal. The periodic voltage waveform 
may be offset lo compensate for the resistance of the coil, and the coil 
current may be monitored in order to determine the amount ol "offset 
required. By providing a zero-mean or substantially zero-mean peri- 
odic voltage waveform, the coil current and flux in the gap between 
the core and the moving part arc guaranteed lo reach a zero value 
at some point during each period (or cycle) of the periodic voltage 
waveform. 
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HIGH STABILITY DYNAMIC FORCE RELUCTANCE MOTOR 

Background of the Invention 

5 JL Field of the Invention 

The present invention relates to variable reluctance dynamic 
force motors (or actuators) used to convert electrical energy into 
oscillating or reciprocating mechanical force. 

10 

2. Description of the Related Art 

To produce a high reciprocating force with reasonable 
transduction efficiency, one often employs a variable reluctance 

15 electromagnetic motor (VR motor). In particular, VR motors are 
generally lighter and more efficient than electrodynamic (voice coil) 
motors capable of producing similar peak forces. However, VR 
motors, as commonly controlled, can exhibit substantial instabilities 
that must be overcome before useful operation is attained. These 

20 instabilities can be particularly severe when the motor stroke is a 
high percentage of the nominal gap length, a situation often 
encountered when driving dynamically reactive loads. Also, 
transient disturbances can also lead to instabilities in VR motors 
controlled according to common prior art methods. 

25 Representative examples of the manner in which VR motors 

have traditionally been analyzed and operated can be found in U.S. 
Patent Nos. 5,206,839 and 5,266,854 to Murray, and U.S. Patent 
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No. 5,375,101 to Wolfe et al. The method of control described in 
this prior art can be generally described as "current control." The 
following analyses (and assumptions) are common to these patents: 
1. The flux established in a gapped electromagnetic device is 
5 proportional to the current in the electromagnet coil. Since the 
actual current-to-flux relation is described by <J> ~ i/g (where <j> is the 
flux in the gap, i is the current in the coil, and g is the length of the 
air gap), this assumption is only valid when the gap length g is 
constant. 

10 2. The force developed across the air gap of a gapped* 

electromagnetic device is proportional to the square of the 
established flux (F ~ (j) 2 ). 
3. Therefore, F~ i 2 . 

If VR motors could be operated effectively by simply 
15 appealing to point 3 (namely, that F - i 2 ), then one could generate an 
arbitrary force response by simply controlling the motor coil current 
to be the square root of the desired force. Unfortunately, for a 
dynamic force motor to deliver any real power to a load, the 
"movable" part must, in fact, experience displacement with respect 
20 to the "stationary" part (the "movable" and "stationary" parts of the 
motor are henceforth referred to as the armature and core, 
respectively). In other words, the gap length g in point 1 is not 
constant. Operation in this manner (allowing the motor parts to 
move) violates the "no gap motion" assumption expressed earlier, 
25 and, to a greater or lesser extent, invalidates the F - i 2 relationship. 
Or, put in another way, the actual relationship to consider is F ~ 
(i/g) 2 . 
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One way of overcoming this complication of the F - (i/g) 2 
relation is to require that the motor air gap(s) remain nearly constant. 
For example, if a motor has a nominal 1 mm unenergized air gap, 
one might choose to limit relative dynamic motion to 0.05 mm, or a 
5 5% excursion of the nominal gap length. It is generally accepted by 
those skilled in the art that if the gap motion is tightly constrained in 
this manner, then F ~ i 2 reasonably represents the behavior of the 
motor. Furthermore, schemes that establish a substantial bias 
current in the motor coils and then employ small-signal perturbation 

10 techniques with respect to this bias point are common in the prior 
art. Prior art vibrators, such as the one described in U.S. Patent No. 
3,775,626 to Brosch, have noted that the air gap length must, for 
some material handling applications, be set large enough to be robust 
to changes in the operating conditions of the vibratory material 

15 handling system. 

However, those skilled in the art will also appreciate that, for 
a given desired dynamic force, one can minimize the corresponding 
motor coil currents by minimizing the length of the air gap between 
the armature and the core. To do this, and still have a motor that 

20 can experience relatively large strokes, one must allow large gap 
excursions (up to 100% of the nominal unenergized gap length). In 
the presence of large gap excursions, the F : i 2 relation is no longer 
adequate to describe the behavior of the motor, and one must deal 
with the added nonlinearity exhibited by F - (i/g) 2 . 

25 An important attribute of the present invention (to be discussed 

in detail in another section) is the inherent stability that it provides in 
the context of VR motor control. In classical control theory, 
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stability means that the output of the VR motor (either the relative 
positions of the armature and core, or the force generated between 
them) will not grow without bound due to a bounded input, initial 
condition, or unwanted disturbance. In other words, there will 
5 always be a reasonable, bounded relationship between the motor 
action requested via an input signal and the resulting actual motor 
action, even in the presence of external noise, transients, or other 
disturbances. 

When evaluating the control stability consequences of the F ~ 
10 (i/g) 2 relationship that has been discussed previously, it is instructive' 
to consider a simple example. In a one-sided motor structure such as 
that shown in Figure 1 , start with an initial fixed coil current I 0 that 
flows through coil 4, and an initial gap length 12 G 0 (denoted by 
label 12 in Figure 1). Thus, the initial force between the two 
15 moving motor parts (core 2 and armature 8) will be, by F - (i/g) 2 , 
proportional to (7 0 /G 0 ) 2 . As this initial force acts to move the two 

motor parts closer together, the instantaneous gap length will 
decrease to values smaller than G 0 , and as the gap reduces, the 
instantaneous force will increase as 1/g 2 , even while the coil current 

20 is held constant. With most common VR motors, the suspension 
stiffness is linear (F = -kx) , but this increase in electromagnetic force 
is quadratic (1/g 2 ), so the net effect can be a rapidly increasing force 
that moves the motor parts together until they collide and clamp. 
Or, for motor designs such as those described in U.S. Patent No. 

25 5,266,854 to Murray, the suspension can be stiff enough so that for 
small displacements from the nominal gap, the motor is stable, but 
for larger displacements, one experiences such "runaway" 
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instability. In particular, see column 3 and Figure 3 of U.S. Patent 
No. 5,266,854 to Murray for further details. To more fully stabilize 
such "current-controlled" motors, one must vary the coil current in 
relation to the instantaneous gap length or measured magnetic flux 
5 via a feedback mechanism, and even these feedback circuits can 
suffer from bandwidth and gap displacement limitations. 

Examples of prior art that addresses these concerns may be 
found in U.S. Patent No. 5,621,293 to Gennesseaux, and 
"Parametric Modeling and Control of a Long-Range Actuator Using 

10 Magnetic Servo Levitation", IEEE Transactions on Magnetics, 
authored by H. Gutierrez and P. Ro (September, 1998). In 
Gennesseaux, gap-motion-induced instabilities are compensated via 
two distinct means: 1) measuring the actual armature motion with a 
displacement sensor and compensating the coil current accordingly 

15 and 2) measuring the air gap flux with a Hall-effect flux sensor and 
compensating the coil current accordingly. In Gutierrez & Ro, the 
authors attempt to compensate not only the gap-motion 
nonlinearities, but also distortions to the first-order relations 
introduced by material non-idealities, flux density non-uniformity, 

20 and the like. In both of these cases, extensive and complex 
controllers are used to achieve gap excursions larger than is common 
in the traditional art, but in neither case is evidence presented that 
large gap excursions, such as gap excursions approaching 100% are 
possible. U.S. Patent No. 3,219,919 to Snavely also uses a position 

25 transducer and feedback circuit to compensate the F ~ (i/g) 2 relation. 

It is worth noting that, historically, there have been a few 
predominant applications for VR motors. The first is for acoustic 
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transduction, particularly in the generation of high-amplitude sound 
waves for underwater applications (sonar systems, for example). In 
such acoustic applications, designers were primarily interested in flat 
wide-band frequency response, stable transducer operation, and low 
5 distortion output. Similarly, VR motors are sometimes used to 
excite mechanical structures for the purpose 5 of performing modal 
analyses, and for these applications, similar motor characteristics are 
valued. Generally, though, the control schemes common in the prior 
art are not sufficiently robust for the high gap excursions and highly 
10 dynamic reaction forces exhibited by such loads as resonant acoustic* 
compressors. 

Another predominant application for motor structures of this 
sort is for vibrator applications, especially in the context of vibratory 
material handling (conveying sand, beans, rocks, and other granular 

15 materials). Primarily, the vibrator community is interested in 
physically robust vibratory devices, simple operation, and low cost. 
Typical vibrators are run at 50/60 Hz (line frequencies) or integer 
multiples or sub-multiples of these frequencies. 

As discussed above, the VR motor/vibrator communities have 

20 often resorted to closed-loop feedback schemes to enhance the 
stability of VR motors. Ironically, the present invention 
demonstrates that, properly understood, maximum stability when 
operating a dynamic force VR motor is achieved by simply removing 
all feedback mechanisms, leading one to the unobvious result that the 

25 highest operational stability with such devices is achieved with no 
feedback at all. 
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Summary of the Invention 

An object of this invention to overcome the aforementioned 
5 limitations formerly associated with VR motors by providing an 
apparatus and/or method whereby a VR dynamic force motor can be 
operated stably over a wide range of frequencies with gap excursions 
approaching 100%. 

Another object of this invention is to provide a VR motor 
10 drive scheme that demonstrates low-distortion characteristics 
previously associated with current-control schemes via open-loop, 
stable, voltage control schemes. 

Another object of this invention is to provide for large gap 
excursion operation with relatively simple, high efficiency control 
15 schemes. 

Another object of this invention is to provide for variable 
amplitude operation of a VR motor where the force amplitude is 
controlled via relatively simple, open-loop control schemes. 

Another object of this invention is to provide for large gap 
20 excursion operation with efficient, open-loop drive systems that 
employ no feedback. 

Another object of this invention is to provide "flat" force 
output over a wide range of frequencies while not resorting to the 
current feedback approaches common in the prior art. 
25 Another object of this invention is to provide open-loop-stable 

operation of a VR motor when driving dynamically reactive loads 
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such as acoustic compressors or other mechanically resonant 
systems. 

Another object of this invention is to provide open-loop-stable, 
large gap excursion operation of VR motors that simultaneously 
5 generate dynamic force at multiple operating frequencies. 

Another object of this invention is to provide for operation of 
VR motors that in some cases approaches the ideal case without 
employing any flux feedback. 

At least one of the above-mentioned objects and advantages 
10 may be achieved by a method of controlling a VR motor, which* 
includes providing, via an open-loop active circuit, a dynamic 
voltage to a coil of said motor to result in a substantially unipolar 
current flowing in the coil, said periodic voltage being applied so as 
to maintain control of said motor irrespective of instantaneous motor 
15 gap and driven load characteristics. 

At least one of the above-mentioned objects and advantages 
may also be achieved by a method of controlling a VR motor that is 
operable at a plurality of operating frequencies. The method 
includes receiving a signal that includes a plurality of discrete 
20 frequencies, as a command input to the VR motor. The method also 
includes precompensating the command input in accordance with a 
1/co characteristic of the VR motor. The method further includes 
generating a low-distortion force representative of the command 
input. 

25 At least one of the above-mentioned objects and advantages 

may also be achieved by a method of controlling a VR motor, which 
includes providing, via an open-loop active circuit, a bipolar periodic 
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voltage to a coil of said motor to result in a substantially unipolar 
current flowing in the coil, said periodic voltage being applied so as 
to maintain control of said motor irrespective of instantaneous motor 
gap and driven load characteristics, said bi-polar periodic voltage 
5 being derived from a uni-polar voltage source. 

At least one of the above-mentioned objects and advantages 
may also be achieved by a method of controlling a VR motor, which 
includes providing a dynamic voltage to a coil of said motor so that a 
substantially unipolar coil current flows in the coil, said periodic 

10 voltage being applied so as to maintain control of said motor 
irrespective of instantaneous motor gap and driven load 
characteristics. The method also includes measuring the current in a 
conductive winding of said VR motor. The method further includes 
generating a DC offset voltage that is summed with said applied 

15 dynamic voltage such that a time duration and magnitude of 
excursions of said measured current are minimized. 

At least one of the above-mentioned objects and advantages 
may also be achieved by a method of generating a substantially 
sinusoidal flux waveform for a variable reluctance (VR) motor, 

20 which includes applying a voltage waveform to a coil of the motor, 
the voltage waveform having a substantially zero mean, the voltage 
waveform being maintained irrespective as to a change in a size of 
the gap, wherein no current control with respect to the coil is utilized 
during operation of the motor. 

25 At least one of the above-mentioned objects and advantages 

may also be achieved by a method of controlling a variable 
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reluctance (VR) motor, which includes applying a substantially zero- 
mean voltage waveform to a coil of the motor. Each cycle of the 
substantially zero-mean voltage waveform includes: 1) a first time 
period in which a first positive voltage value is provided, 2) a second 
5 time period in which a zero voltage value is applied, and 3) a third 
time period in which a second negative voltage value is applied, 
wherein an absolute value of the first and second voltage values is 
substantially equal to each other. 

At least one of the above-mentioned objects and advantages 

10 may also be achieved by a method of controlling a multi-frequency* 
variable reluctance motor that operates in at least a first operation 
frequency and a second operating frequency, which includes 
calculating a sinusoidal voltage to be applied to a coil of the motor, 
the sinusoidal voltage being calculated as Asin(cD t )t + Bsin(co 2 )t + 

15 C, wherein A, B and C are constants. The method also includes 
applying the sinusoidal voltage to the coil for at least a plurality of 
cycles of the sinusoidal voltage, the sinusoidal voltage being applied 
irrespective as to a gap width change between the core and the 
armature. 

20 At least one of the above-mentioned objects and advantages 

may also be achieved by a variable reluctance (VR) motor, which 
includes a core having a coil. The motor also includes a movable 
part that moves based on a force provided in a gap disposed between 
the core and the armature. The motor further includes a voltage 

25 source that is configured to apply a dynamic voltage waveform to the 
coil that results in a substantially unipolar current flowing in the coil, 
the dynamic voltage being applied so as to maintain control of said 
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motor irrespective of instantaneous motor gap and driven load 
characteristics. 

At least one of the above-mentioned objects and advantages 
may also be achieved by a control apparatus for a two-sided variable 
5 reluctance motor that has an armature and a core with a first coil on 
the core and a second coil on the core, and with a first air gap 
between the first coil and the armature and a second air gap between 
the second coil and the armature. The control apparatus includes a 
voltage source that provides a voltage waveform to the first and 

10 second coils. The control apparatus also includes a first diode that is 
provided between the voltage source and the first coil. The control 
apparatus further includes a second diode that is provided between 
the voltage source and the second coil, wherein an anode of the first 
diode and a cathode of the second diode are directly connected to the 

15 first and second coils, respectively. 

At least one of the above-mentioned objects and advantages 
may also be achieved by a control apparatus for a variable reluctance 
motor that has a core with a coil and an armature. The control 
apparatus includes an offset voltage source for providing a DC offset 

20 voltage. The control apparatus also includes a voltage source for 
outputting a sinusoidal voltage to the coil that is offset by the DC 
offset voltage. The control apparatus further includes a current 
sensing unit for sensing current presently passing through the coil. 
The control apparatus still further includes a rectifying circuit that 

25 removes all portions of the sensed current except for negative current 
pulses. The control apparatus also includes a low-pass filter that 
filters and output of the rectifying circuit, wherein an output of the 

11 
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low-pass filter is provided to the offset voltage source to provide an 
adjustment signal to either increase, decrease or maintain a current 
value of the DC offset voltage. 

An understanding of the operation of the invention can be 
5 gained by utilizing the following relations that describe the behavior 
of VR motors: 

1 . To a first approximation, the force generated across the air 
gap of a VR motor is proportional to the square of the magnetic flux 
established in that gap (F ~ <f) 2 ). This relation assumes that the flux 

10 density in the air gap of the motor is uniformly distributed, an' 
assumption that is commonly regarded as reasonable for small gap 
VR motors by those skilled in the art. 

2. For gapped magnetic circuits such as those discussed 
herein, the relationship between the voltage applied to the motor coil 

15 and the resulting magnetic flux is v = N(d<J>/dt) + iR, where v is the 
voltage applied to the coil, N is the number of turns of wire that 
constitute the coil, <}> is the magnetic flux in the air gap, / is time, / is 
the current in the coil, and R is the resistance of the coil. This 
relation is commonly known as Faraday's Law. 

20 3. For gapped magnetic circuits such as those discussed 

herein, the relationship between the coil current and the magnetic 
flux in the air gap is § ~ i/g. 

Using these relations, the following features have been found: 
1. Except for the iR term in the v = N(d<|)/dt) + iR relation, 

25 the relationship between coil voltage and magnetic flux is 
independent of gap. The present invention has been developed based 
in part on the finding that the presence of this iR term does not 
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adversely affect the operation of the invention, especially when not 
operating at low frequencies. 

2. The magnetic flux is guaranteed to be zero whenever the 
coil current is zero, regardless of the instantaneous gap length. 

In the present invention, stable, high gap excursion operation 
of VR dynamic force motors is accomplished by combining voltage 
control (applying an open-loop voltage v to a motor coil yields flux 

/= ^XzjRjt+C) and by employing ways to ensure that the current 
periodically returns to zero (which guarantees that the constant C in 
j = ^ XzJ^dt+ c remains at a value between zero and the peak flux). 

Brief Description of the Drawings 

The invention will become more fully apparent from the 
15 following detailed description when read in conjunction with the 
accompanying drawings with like reference numerals indicating 
corresponding parts throughout, and wherein: 

Figure 1 shows a conventional one-sided VR motor; 
Figure 2 shows a conventional two-sided VR motor; 
20 Figure 3 shows waveforms of ideal flux waveforms for both 

halves of a two-sided VR motor; 

Figure 4 shows an alternate set of ideal flux waveforms for both 
halves of a two-sided VR motor; 

Figure 5 shows a circuit diagram of a VR motor, with a unipolar 
25 voltage source (with filtering capacitor), an active circuit (for motor 
drive), a controller to drive the active circuit, a diode to assure 

13 
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unidirectional current flow, and a representative VR motor coil, in 
accordance with an embodiment of the present invention; 

Figure 6 shows a dual forward circuit topology as applied to a 
coil of a VR motor in accordance with an embodiment of the present 
5 invention; 

Figure 7 shows flux and force waveforms typical of sinusoidal 
and pulsed VR motor drive, in accordance with an embodiment of the 
present invention; 

Figure 8 shows a circuit used to drive reverse-parallel diode-coil 
10 pairs for a two-sided motor, in accordance with an embodiment of the* 
present invention (with this circuit, a two-sided motor can be driven 
with a single active circuit); 

Figure 9 shows a circuit similar to that shown in Figure 8, but 
with an LCR element inserted in series with the reverse-parallel diode- 
15 coil pairs, in accordance with an embodiment of the present invention; 

Figure 10 shows a circuit to implement automatic offset 
adjustment of a VR motor coil drive voltage, in accordance with an 
embodiment of the present invention; 

Figure 1 1 shows another embodiment of a circuit to implement 
20 automatic offset adjustment of a VR motor coil drive voltage; 

Figure 12 shows yet another embodiment of a circuit to 
implement automatic offset adjustment of a VR motor coil drive 
voltage; 

Figure 13 shows a "round topology" VR motor that can be 
25 controlled in accordance with the present invention; 

Figure 14 shows an IEI VR motor that can be controlled in 
accordance with the present invention; 
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Figure 15 shows a spiro-wrap VR motor that can be controlled in 
accordance with the present invention; 

Figure 16 shows a multiple-coil motor that may be controlled in 
accordance with any of the embodiments of the present invention; 
5 Figure 17 shows a plot of flux, current, force, and voltage 

waveforms for an ideal motor controlled in accordance with an 
embodiment of the present invention; 

Figure 18 shows a plot of flux, current, force, and voltage 
waveforms for a typical motor controlled in accordance with an 
10 embodiment of the present invention; 

Figure 19 shows a plot of flux, current, force, and voltage 
waveforms for a motor controlled that has exaggerated electrical 
properties in accordance with an embodiment of the present invention; 

Figure 20 shows a plot of flux, current, force, and voltage 
15 waveforms for a typical motor controlled with a voltage having a 
slight voltage offset, in accordance with an embodiment of the present 
invention; 

Figure 21 shows a plot of flux, current, force, and voltage 
waveforms, in which a lower amplitude drive is used than what is 
20 shown in Figure 18; 

Figure 22 shows time domain waveforms for controlling a 
typical VR motor coil that is driven with cosine half-waves, in 
accordance with an embodiment of the present invention; 

Figure; 23 shows frequency domain waveforms for controlling a 
25 typical VR motor coil that is driven with cosine half-waves, in 
accordance with an embodiment of the present invention; 

15 
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Figure 24 shows time domain waveforms for controlling a 
typical VR motor coil that is driven with sawtooth waves, in 
accordance with an embodiment of the present invention; 

Figure 25 shows frequency domain waveforms for controlling a 
5 typical VR motor coil that is driven with sawtooth waves, in 
accordance with an embodiment of the present invention; 

Figure 26 shows time domain waveforms showing two-frequency 
cosine segment operation of an ideal VR motor coil, in accordance 
with an embodiment of the present invention; 
10 Figure 27 shows frequency domain waveforms showing two-* 

frequency cosine segment operation of an ideal VR motor coil, in 
accordance with an embodiment of the present invention; 

Figure 28 shows time domain waveforms showing two-frequency 
cosine segment operation of a typical VR motor coil, in accordance 
15 with an embodiment of the present invention; 

Figure 29 shows frequency domain waveforms showing two- 
frequency cosine segment operation of a typical VR motor coil, in 
accordance with an embodiment of the present invention; 

Figure 30 shows time domain waveforms of pulse drive of an 
20 ideal VR motor coil, with 300V/25% duty cycle, in accordance with 
an embodiment of the present invention; 

Figure 31 shows time domain waveforms of pulse drive of a 
typical VR motor coil, with 300V/25% duty cycle, in accordance with 
an embodiment of the present invention; 
25 Figure 32 shows time domain waveforms of pulse drive of a 

motor coil having exaggerated electrical properties, with 300V /25% 



16 



WO OI/^HH PCT/US00/3298S 

duty cycle, in accordance with an embodiment of the present 
invention; 

Figure 33 shows time domain waveforms of pulse drive of an 
ideal VR motor coil, with 200V/49.5% duty cycle, in accordance with 
5 an embodiment of the present invention; 

Figure 34 shows time domain waveforms of pulse drive of a 
typical VR motor coil, with 200V/49.5% duty cycle, in accordance 
with an embodiment of the present invention; 

Figure 35 shows time domain waveforms of pulse drive of a 
10 motor coil having exaggerated electrical properties, with 200V/49.5% 
duty cycle, in accordance with an embodiment of the present invention 
Figure 36 shows time domain waveforms of pulse drive of a 
typical VR motor coil, with 30OV/15% duty cycle, in accordance with 
an embodiment of the present invention; 
15 Figure 37 shows time domain waveforms of pulse drive of a 

typical VR motor coil, with 300V/32% duty cycle, in accordance with 
an embodiment of the present invention; 

Figure 38 shows time domain waveforms of two-frequency 
sinusoidal operation of a typical VR motor coil with no offset 
20 adjustment, in accordance with an embodiment of the present 
invention; 

Figure 39 shows frequency domain waveforms of two-frequency 
sinusoidal operation of a typical VR motor coil with no offset 
adjustment,, in accordance with an embodiment of the present 
25 invention; 

Figure 40 shows time domain waveforms of two-frequency 
sinusoidal operation of a typical VR motor coil with 4V offset 
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adjustment, in accordance with an embodiment of the present 
invention; and 

Figure 41 shows frequency domain waveforms of two-frequency 
sinusoidal operation of a typical VR motor coil with 4V offset 
5 adjustment, in accordance with an embodiment of the present 
invention. 

Detailed Description of the Preferred Embodiments 

10 Preferred embodiments of the invention will be described in' 

detail hereinbelow, with reference to the drawings. 

The devices described with respect to the present invention are 
adapted for applying oscillatory forces to a load structure. These 
devices are often categorized as "linear motors", "dynamic force 

15 motors", "shakers", or "vibrators". These devices generate their 
oscillatory forces by working against an inertial or reaction mass 
which is typically composed of the larger portion of the 
electromagnetic circuit and its energizing windings. Note that, in 
normal operation, both the mass to which the load is attached and the 

20 reaction mass will likely experience significant vibratory motion. 
The respective masses of the two moving portions of the motor are 
commonly altered by attaching additional ballast masses for the 
purpose of improving the overall system dynamics. The load to 
which the oscillatory forces are applied is typically connected to the 

25 motor armature which is oscillated with respect to the reaction mass 
(typically, the core assembly). The load may be attached to the 
motor rigidly or by way of a spring or other suspension, and this 

18 
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attachment may be made, in some cases, to the motor core assembly. 
The load may be, as one example, an acoustic resonator, but other 
kinds of loads may also be utilized with a VR motor that is 
controlled in accordance with the present invention. 
5 The basic electro-magneto-mechanical operation of the VR 

dynamic force motor may be better understood by considering Figure 
2, which shows a two-sided structure. The load structure to be 
driven is indicated generally by reference block 40, and this load 40 
is connected through a beam 38 to the motor armature structure 

10 comprised of armature element 32, end clamp 34a, end clamp 34b 
and frame 36 rigidly attached as shown in Figure 2. 

The magnetic structures employed in the motors described 
herein are similar to those used in other common electromagnetic 
devices, and they typically employ both E-shaped laminations which 

15 have energizing windings or coils wound around the middle leg of 
the E, and I-shaped laminations which complete the magnetic circuit 
across the ends of the legs of the I-shaped laminations. Those skilled 
in the art will appreciate that a VR dynamic force motor could 
readily be constructed using shapes other than E and I stacks. 

20 Examples of alternate motor structures that can be controlled in 
accordance with this invention are shown in Figures 13 and 14, 
where each of these structures shares the same basic electromagnetic 
operating characteristics. Figure 13 shows a "round-topology" VR 
motor, with an annular ring 1310 that constitutes the armature 

25 disposed between inner and outer annular rings 1320 and 1330 which 
constitute the core elements. Coils 1340 and 1350 are contained 
within the core elements 1320 and 1330, support structures are noted 



19 



WO » 1/39588 PCT/US00/32988 

by 1360, 1362, 1370, and 1372, and the armature and core assembly 
are resiliently attached by springs 1380, 1382, 1384, and 1386. 
Figure 14 shows an IEI motor, with support structures 1410, 1412, 
springs 1420, 1422, 1430, 1432, coils 1440, 1460, armatures 1475, 
5 1480, and core 1490. Figure 15 shows a "spiro-wrap" construction 
technique whereby a plurality of thin sheet stpel elements 1510 are 
banded together to form the constituent pieces of a "round-topology" 
motor structure such as shown in Figure 13. The round-topology 
motor may be configured as either a one-sided or a two-sided motor. 

10 Referring back to Figure 2, a pair of stacks of E-shaped* 

laminations, i.e., open magnetic core structures, are designated by 
reference characters 20 (upper core) and 22 (lower core), 
respectively, and are oppositely oriented with their leg portions 
facing inwardly and are held in spaced relationship with a space 

15 therebetween by frame structures 28a and 28b. An armature 
structure 32 is positioned between the upper core 20 and the lower 
core 22 and is composed of a stack of I-shaped laminations bound 
together by end clamps 34a and 34b. These I-shaped laminations 
complete the magnetic circuits of cores 20 and 22 with respective 

20 gaps 46 and 48. Springs, illustrated diagrammatically and designated 
by reference characters 30a, 30b, 30c, and 30d, resiliently center the 
armature structure 32 between cores 20 and 22 so that gaps 46 and 
48 are nominally equal. As discussed earlier, the structure 
comprising cores 20 and 22, coils 24 and 26, frame pieces 28a and 

25 28b, and core bases 42 and 44 constitute an inertial or reaction mass. 
For this motor, the mass of the armature structure is less than that of 
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the core structure; however, this need not necessarily be the case to 
provide stable control in accordance with the present invention. 

A variation on the motor illustrated in Figure 2 is comprised of 
only one E-stack and one I-stack and a spring suspension attaching 

5 the two stacks, as seen by the one-sided motor in Figure 1. With 
this motor, springs 6a and 6b set the nominal unenergized gap 12 at 
its desired length, and the armature I-stack laminations 8 complete 
the magnetic circuit of the core E-stack 2. Again, with the single E- 
stack motor, the core assembly (comprising core structure 2, coil 4 

10 and base 14) is often heavier than the armature 8, and it constitutes 
the inertial or reaction mass. One may, as appropriate, attach the 
driven load to the core assembly instead of the armature assembly as 
shown. Also note that, for some VR motor designs, conductive 
windings may be attached to the core pieces or the armature pieces 

15 or both. Additionally, one could envision a design where two E- 
cores (with conductive windings) were oriented so that their pole 
faces aligned across a small air gap across which electromagnetic 
forces were generated. 

Those skilled in the art will appreciate that the spring 

20 suspension illustrated diagrammatically by reference characters 30a, 
30b, 30c and 30d in Figure 2 could be formed by coil springs, leaf 
springs, flexures, slides, or other mechanical means. The composite 
spring rate of this suspension can exhibit either low or high stiffness, 
and one o^n tune the stiffness of the suspension to exploit the 

25 dynamic advantages of the mechanical resonance resulting from the 
core mass, the armature mass, and the suspension attaching the two 
masses. For proper operation of the invention, the springs are set to 
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locate the armature so that the air gaps (or air gap, for the single- 
core motor) are set to their desired unenergized length and whereby 
the springs restrain the armature in such a way that the armature 
always moves parallel to the legs of the E-stack. 
5 For the single E-stack motor, the suspension springs also serve 

to force the armature motion to be perpendicular to the core face, 
but, in addition, these springs must be sufficiently stiff to keep the 
armature and core stacks from contacting when they experience the 
static forces inherent in single-sided designs. 

10 The motor suspensions may be tuned to exploit dynamic' 

advantages as appropriate, or may be only as stiff as necessary to 
keep parts square to each other. It should be designed to give 
perpendicular travel of the armature with respect to the ends of the 
core legs. The suspension could be a slide type suspension rather 

15 than the flexure type shown in the figures (see U.S. Patent No. 
5,621,293 to Gennesseaux for an example of a slide suspension). In 
addition, the suspension may include either one or several levels of 
suspension (for example, a multi-leaf flexure suspension). 

This description of the electromagnetic operation of these 

20 dynamic force motors may be better understood by reference to the 
following definitions. In Figure 2, "upper force" refers to 
mechanical force generated between the upper core E-stack 20 and 
the armature 32, "upper flux" refers to the magnetic flux generated 
in air gap 46, "upper current" refers to the current in upper coil 24, 

25 and "upper voltage" refers to the voltage applied to upper coil 24. 
Likewise, "lower force" refers to mechanical force generated 
between the lower core E-stack 22 and the armature 32, "lower flux" 
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refers to the magnetic flux generated in air gap 48, "lower current" 
refers to the current in lower coil 26, and "lower voltage" refers to 
the voltage applied to the lower coil 26. Subscripts "U" and "u" will 
be used to indicate "upper" quantities, and "L" and "1" will be used 
for "lower" quantities. Both coils 24 and 26 have the same 
resistance R and the same number of turns N. 

In Figure 3 are plotted sinusoidal waveforms of /„ (upper 
flux) and f L (lower flux). The mathematical expressions for these 

waveforms are as follows: 

fu=A+ Acos(wt) 
f L = - A+ Acos(wt) 

Applying the F : f 2 relation to these expressions yields: 

F» '■ fu = A 2 + 2A 2 cos(w/)+ A 1 cos 2 (w/) 

= A 2 [\+ 2cos(»v/)+ 0.5(1+ cos(2w/)] 
F v \ A 2 [\.S+ 2cos(w/)+ cos(2wO] 

F L : / t 2 = A 1 - 2/l 2 cos(w/)+ ^ j cos 2 (h'0 

= A 2 [\- 2cos(w/)+ 0.5(1 + cos(2w/)] 
F L : A 2 [\.S- 2cos(w/)+ cos(2w/)] 

And, the net force generated between the core assembly and 
the armature assembly is: 

Fy - F L : A A 2 cos(w/) 

So, if one could, by some means, generate the § v (upper flux) and <|> L 
(lower flux) waveforms as described here, then one has a dynamic 
force motor that generates a low-distortion oscillating force at the 
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same frequency as that of the generated flux waveforms. It is an 
object of this invention to demonstrate means by which operation 
close to this "ideal" case can be achieved without resorting to the 
complexity of flux measuring devices and feedback circuits such as 
5 those described in U.S. Patent No. 5,621,293 to Gennesseaux. 

It is worth noting that one could alternately define the lower 
flux <|) L in the motor by 

/, , « A + >*cos(w/- 180°) 
= A- Acos(wt) 

as shown in Figure 4. This results in the same expression for F u 
10 determined earlier, namely: 

Fj : f 2 = A 2 - 2A 2 cos(wt) + A 2 cos 2 (wt) 

= A 2 [\- 2cos(w/) + 0.5(1+ cos(2w/)] 
F L : A l {\.5- 2cos(w/)+ cos(2w/)] 



Thus, in terms of the net force generated between the armature and 
the core of the motor, the flux waveforms of Figure 3 and Figure 4 
15 produce the same result. 

To provide a better understanding of the invention, consider 
the following relation that was presented earlier, 

v= iR , 

dt 

in association with Figure 5, in which a typical motor coil (modeled 
20 as a series combination of an inductor L(g) and a resistor R) is shown 
wired to an active circuit 56 (typically a linear or switching voltage 
amplifier) in series with a conventional diode rectifier 58. The 
"L(g) u designator is used for the inductor as a reminder that the 
inductance of the coils in a VR motor is a strong function of the 
25 motor gap length. In a first embodiment of this invention, the active 
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circuit 56 in Figure 5 applies a sinusoidal voltage (V,) to this series 
diode-coil combination, and, for an ideal diode (no forward voltage 
drop) and an ideal coil (no resistance), the resulting motor flux 
waveform is an offset sinusoid as shown in Figure PI . Note that this 

5 flux waveform has the same form as the "ideal" waveforms 
discussed above (see Figures 3 and 4), and that this flux waveform 
results regardless of any variations in the motor gap length (the 
associated current waveform in Figure PI shows significant non- 
sinusoidal behavior consistent with the varying gap length). Note 

10 also that the representative waveforms shown in Figure 17 reflect a 
gap excursion of about 70%, which is a very large value relative to 
conventional VR motor control. Figure 17 also shows a source 
voltage V s as a bi-polar periodic voltage waveform, as well as 
showing a coil current I coil having a positive, unipolar current value 

15 at all times. The motor coil shown in Figure 5 is representative of 
the single coil in a single-core motor (Figure 1) or of one coil in a 
two-core motor (Figure 2). Thus, with an ideal diode and coil, one 
can employ simple voltage control to generate the ideal, gap- 
independent flux waveforms discussed earlier. Also shown in Figure 

20 5 is a uni-polar voltage source 50, which is coupled in parallel to a 
capacitor 52 and to the active circuit 56. Control signal source 54 
provides control for the active circuit 56. The uni-polar voltage 
source 50 provides a uni-polar output voltage, and may be 
configured by rectifying an AC voltage with or without filtering, or 

25 by rectifying, filtering, and regulating an AC voltage, as two 
possible examples of such a circuit. 
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Based on computer simulations performed by the inventor, it 
has been demonstrated that, in the presence of non-zero diode 
forward voltage drop and finite coil resistance, one can, with simple, 
open-loop control schemes in accordance with this invention, 
5 generate flux waveforms that very nearly match the ideal flux 
waveforms discussed above, and that these wayeforms, like the ideal 
waveforms, can be generated while allowing very large gap 
excursions (up to 100%). Referring again to Figure 5, but with a 
coil resistance of 3 ohms (R^, = 312) and a forward diode voltage 
10 drop of 1 volt (V D = IV), it is shown in Figure 18 that the resulting' 
flux waveform is very nearly identical to the offset sinusoid shown in 
Figure 17. Note that the voltage drops across the coil resistance and 
the diode tend to reduce the effective voltage available to increase 
the motor flux (V, is less than V s when one is attempting to increase 
15 the motor flux), and these voltage drops tend to increase (in 
magnitude) the effective (negative) voltage available to decrease the 
motor flux (V^ is greater than V s when one is attempting to decrease 
the motor flux). This tendency for the motor flux to slew away from 
zero more slowly than it returns towards zero is a feature of the 
20 invention, as it is the physical phenomena through which open-loop 
motor stability is guaranteed. Briefly stated, as long as one applies a 
zero-mean dynamic voltage to the series diode-coil shown in Figure 
5, and the load attached to the motor contains no power source, the 
resulting flux waveform is guaranteed to periodically return to zero. 
25 While this mode of operation guarantees a stable, well- 

behaved flux waveform, it does not assure that the armature and core 
will not come in contact with each other. Operating frequency, 
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initial motor gap, applied voltage, and other dynamic system forces 
all influence the magnitude of the motor armature stroke, and those 
skilled in the art will appreciate that a well designed motor must take 
all of these factors into account. The present invention does, 

5 however, with a simple open-loop control scheme, assure a 
predictable and stable dynamic flux waveform in the presence of 
very large gap variations, thus freeing a motor designer to 
concentrate on these other issues. 

One implication of this tendency for the flux waveform to slew 

10 towards zero more rapidly than it slews away from zero is seen in 
the comparison of Figures 17 and 18. In Figure 17 (ideal diode and 
no coil resistance), the flux waveform <|> returns to zero at the exact 
instant that the sign of the applied voltage V s changes from negative 
to positive to initiate the next cycle of the dynamic signal (this event 

15 is indicated by t 3 and t 4 being at the same instant in time in Figure 
17). When the same control scheme is applied to a real motor coil 
and diode (Figure 18, IV diode, 3 ohm coil), the asymmetry in the 
flux slewing characteristic results in the flux waveform § returning to 
zero prior to the end of the cycle. This is graphically indicated by 

20 the time difference between t 3 and t 4 in Figure 18, which aids one in 
understanding that the presence of the diode voltage drop and the coil 
resistance serve to enhance the "guaranteed return-to-zero" attribute 
of the invention. To further illustrate these effects, waveforms for 
highly exaggerated diode voltage drop (20 V) and coil resistance (30 

25 ohm) are plotted in Figure 19, showing an even larger return-to-zero 
time (t 3 to t 4 ) for the coil current. 
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Much of the conventional art of »Yfc motor control is directed 
towards minimizing the distdrtion in the generated motor force or, 
put another way, towards attaining pure sinusoidal drive. It is worth 
;xamining the extent to which the invention achieves this goal. For 

5 example, with the example motor coil discussed above (3 ohm coil 
resistance R), an inductance (over a wide range of gap lengths) of 
200 mH was measured, based on tests performed on a motor by the 
inventor. At 500 Hz, an inductive (L) impedance 628 ohms was 
measured, which is 99.5% of the total coil impedance (\ja)L + R\) of 

10 631 ohms. At this design operating frequency, the distortion 
introduced by the finite coil resistance is minimal. 

To minimize the adverse impact of the diode forward voltage 
drop, one could simply offset the drive voltage by an amount equal 
to this voltage drop. However, caution must be exercised when 

15 deviating from the zero-mean-voltage aspect of the invention that 
guarantees open-loop flux stability in variable gap VR motors, since 
slightly too much offset voltage applied to a low resistance coil (such 
as is typical for these motors) can lead to a "flux runaway" condition 
where the flux and current increase to an unacceptably high level, 

20 often magnetically clamping the armature and core to each other at 
the motor gap. In such a runaway condition, the flux will increase to 
a point where the magnetic material saturates, and the current will 
increase to a point where a fuse is blown or a voltage amplifier 
malfunctions. This may result in a magnetic clamping of the 

25 armature and core to each other at the motor gap. 

However, a slight addition of offset voltage can reduce flux 
waveform distortion, as demonstrated in Figure 20. The waveforms 
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in Figure 20 reflect operating conditions identical to those for Figure 
18 except for the incorporation of 2.5V of DC offset (about 1% of 
the peak voltage value) in the drive waveform Vs. Note that this 
adjustment reduces the "end of cycle" distortion (reflected in the t 3 - 

5 t 4 difference discussed earlier). Increasing this offset further would 
likely violate the "return to zero each cycle" feature of the invention, 
and in that case one would observe the flux <|> to grow without bound 
until the motor magnetic material (e.g., motor iron) saturates. 

In a similar manner, one could compensate for the iR 

10 distortion discussed above. If the coil resistance is known, and the 
coil current is measured, one could simply add the voltage iR(t) to 
the original sinusoidal voltage. Combining the compensation for the 
diode voltage drop and the iR voltage drop gives: 

15 Thus, in theory, one can completely compensate for the effects of 
coil resistance and diode forward voltage drop. Again, though, if 
either of these correction terms is slightly too large, one can easily 
end up in a flux "runaway" condition, and the motor operation will 
no longer be stable. 

20 For many applications of VR dynamic force motors, one 

requires a simple scheme for varying the amplitude of the generated 
force. In the invention, this is accomplished by simply adjusting the 
peak-to-peak magnitude of the applied voltage: higher applied pk-pk 
voltage yields higher peak flux which yields higher dynamic forces. 

25 As long as the mean (D.C.) value of the applied voltage is zero, then 
open-loop stability is guaranteed for any magnitude of applied 
dynamic voltage. Even if the VR motor is driven into magnetic 
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saturation, the invention still assures stable operation. An example 
of varying the drive voltage amplitude (that is, amplitude adjustment) 
is shown in Figure 21, where the peak drive voltage is 200V 
(compared with 300V peak in Figure 18). 
5 The very-nearly-sinusoidal flux waveform observed in Figure 

18 can be readily developed in the upper portion of a two-sided VR 
motor, such as the one shown in Figure 2 (see undashed line in 
Figure 3). In addition, it is very straightforward to use the same 
open-loop voltage control techniques in accordance with the present 

10 invention to generate the complementary lower flux (see dashed line* 
in Figure 3). In this manner, there is realized one feature of the 
invention, namely the generation of low-distortion dynamic force 
without resorting to complicated sensors or feedback circuits. 
However, if one were to generate this flux waveform in a one-sided 

15 motor such as the motor shown in Figure 1, the resulting motor force 
would be (per the analysis above): 

Fj : f 2 = A 2 + 2 A 2 cos(w/) + A 2 cos 2 (w/) 

= A 2 [\ + 2cos(w/)+ 0.5(1+ cos(2h>/)] 
F, : v4 2 [1.5+ 2cos(wr)+ cos(2w/)] 

Here, the lower subscript L is used to indicate the force, etc., 
20 in a one-sided motor. Note that this generated force, F L , contains 
substantial second harmonic (in fact, the total harmonic distortion, or 
THD, is 50%). That is, for every pound of force produced at co, 
there is also experienced 0.5 pounds of force at 2co. For the many 
applications that require lower distortion force from a one-sided 
25 motor, some additional embodiments of the invention are presented. 



30 



wuihuvnik PCT/IISOO/329S8 

It is a well known property of electromagnetic VR motors that 
one cannot generate an electromagnetic force between the core and 
the armature that tends to push them apart. Put another way, the 
electromagnetic forces between an "active" component (such as the 

5 core in the present invention) and a "passive" component (such as 
the armature in the present invention) are always attractive (one can 
generate repulsive forces in motors that incorporate permanent 
magnets, or that have two cores interacting directly across a common 
air gap). Designs that incorporate permanent magnets are outside the 

10 scope of this invention). So, for applications of the present 
invention, it is desirable to explore schemes that presume motor 
forces that vary between zero and some peak value; such force 
waveforms can be viewed as exhibiting separate static and dynamic 
force components. 

15 The simplest such force waveform that would yield a zero- 

THD (pure sinusoidal) output can be represented by: 

F~- m A+Acos(»>t) 
where A is the static force component and/lcos(w/)is the dynamic 
force component. Since F - <|> 2 , to realize this force waveform from 

20 a one-sided motor requires: 



and, to generate this flux waveform in the motor requires: 

dt 



mN djA+Aca#*) + lR (Q1) 
dt 

- NAw , ' 1 sin(w/)+ iR 

2y]A+ Acos(wt) 
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While generation of the waveform described by equation (0.1) would 
be fairly complicated using analog circuitry, one can readily generate 
this waveform using standard waveform generation equipment. A 

5 computer may be programmed to provide such a waveform, for 
example. This voltage waveform (without the iR compensation) is 
shown graphically as waveform V s in Figure 22, and it is best 
described as a series of cosine half-cycles. Such a voltage waveform 
to obtain low distortion operation corresponds to a second 

10 embodiment of the invention. Note also the smooth, sinusoidal force* 
waveform that results even for realistic values of diode forward 
voltage drop and coil resistance. A frequency domain analysis of the 
second embodiment of the invention reveals no detectable motor 
force at frequencies other than 0 Hz and co Hz (500 Hz for the 

15 frequency plot of time waveforms of Figure 22 that is shown in 
Figure 23). As with the first embodiment, the applied waveform 
exhibits a zero mean value, thus assuring flux waveform stability and 
a "return to zero" for the flux and current at least once each cycle. 
Also, the applied waveform can be slightly offset as described with 

20 reference to the first embodiment, if needed. 

Visual inspection of Figures 22 and 23 (time and frequency 
plots of waveforms, respectively) reveals that the "cosine half- 
cycles" waveform is fairly similar to a common, easily generated 
"sawtooth" waveform. Based on generation of a sawtooth waveform 

25 in accordance with a third embodiment of the invention (see Figures 
24 and 25 for time and frequency plots of waveforms, respectively), 
one also observes a smooth, nearly sinusoidal force waveform. 
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Frequency domain analysis of this waveform reveals that the force 
waveform has a second harmonic amplitude (at 2co) approximately 
30 dB below the amplitude observed at the fundamental excitation 
frequency (o). This 30 dB difference represents a 1000:1 amplitude 
5 difference. Higher harmonics are all 40 dB below the fundamental 
(or lower). As with the first and second embodiments, the sawtooth 
embodiment has a zero mean value to assure flux stability. Also, the 
sawtooth embodiment may be provided with a small DC offset, if 
desired. However, if DC offset is used for the sawtooth 
10 embodiment, care must be taken so that a flux runaway condition 
does not occur. 

A fourth embodiment of the invention will now be described 
with respect to motor operation at more than one frequency. Many 
applications require a dynamic force motor capable of generating 

15 force at more than one frequency. Traditionally, multi-frequency 
VR motor force generation has been severely complicated by the 
square-law relationship between force and flux F ~ <|> 2 as well as the 
nonlinearities introduced by traditional current control ~ i/g). For 
these applications, voice-coil actuators are often employed. 

20 Unfortunately, voice-coil actuators are heavy, expensive, and 
inefficient. 

In the fourth embodiment of the invention, there is provided a 
control scheme by which dynamic force can be generated at multiple 
discrete frequencies. For the sake of brevity, a two-frequency 
25 example is shown, but the technique is readily extendable to any 
number of discrete frequencies. 
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As was demonstrated earlier for the single-frequency case, one 
starts by assuming the simplest two-frequency waveform that can be 
generated by a one-sided VR motor, namely: 

F~» m A+ B + ^cos(>v)+ Z?cos(w 2 /) 
5 where A+B is the static force component and ^cos(w,/) and 
Bcos(w 2 t) are the dynamic force components. Since F ~ <|) 2 , to 
realize this force waveform from a one-sided motor requires: 

JKZ= 5 + ^0)8(^0+ £cos(w 2 r) 
and, to generate this flux waveform in the motor requires: 

applied ^ 

10 = 



dyjA+ ff + i4cos(w t Q+ £cos(w 2 Q + , 
dt + 1 

S - 1 M 

I , ftMvv l sin(vv 1 Q + Atfvv 2 sin(w 2 /))+ /fl 

§2^1 + Z?+ >icos(w,/) + Z?cos(w 2 0j 



Two-frequency operation of a one-sided motor is demonstrated 
graphically in Figures 26, 27, 28 and 29 (Figures 26 and 28 are time 
plots, and Figures 27 and 29 are frequency plots) . In Figure 26, 

15 waveforms for a "0 volt" diode and a 0.001 ohm coil are shown (per 
Figure 5); here the strongest distortion component is about 25 dB 
lower than the two fundamental force components. When this 
method is applied to a more realistic 1 volt diode and 3 ohm coil 
(Figure 28), the distortion components are somewhat stronger (-20 

20 dB), but still quite low. This multi-frequency technique is readily 
extended beyond the two frequencies demonstrated in this example. 
For a multi-frequency drive, the necessary flux is given by: 
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/' = If 

J molar \ mnlnr 

= J a <X + 4,cosko) 

1£ «< Mo/ freq. 



for which the appropriate drive voltage is: 



d 

= N- 



a (4,+ Acos( W/1 /)) 



-+ 



i y 
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p i a (4, + 4,cos( W/l o)u 

8 V -i B 

1£ n< ttoffreq. 

5 

A fifth embodiment of the invention will now be described in 
detail. While some applications of VR dynamic force motors require 
low distortion (nearly sinusoidal) applied force, there are many 
applications for these motors where the driven load is very 

10 insensitive to the presence of substantial harmonics in the generated 
force waveforms. Examples of such "distortion tolerant" loads are 
any resonant loads that only respond appreciably at one fundamental 
frequency; a further example of this is a resonant acoustic chamber 
driven at its fundamental resonance frequency. 

15 For these distortion-tolerant VR motor applications, the fifth 

embodiment of the invention is provided. With reference to Figure 6 
(which shows an output topology commonly used to drive switched 
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reluctance motor coils) and Figures 30 and 31, consider the 
following switching sequence: 

1. Turn on switch SW1 62 and switch SW2 68 at time t 0 (times 
/„are annotated in Figures 30, 31 and 32). This leads to 

5 v cail = V DC -2V SHr _ m where K w _ ( ,„is the voltage drop across SW1 or 
SW2 when in the on, or conducting, state. 1 SW1 62 and SW2 68 
can be any of several types of semiconductor or 
electromechanical controlled switch. The time from / O to /, is 
termed Phase 1. During Phase 1, the flux in the coil slews higher 

10 in a linear fashion; the coil current is generally increasing, but 
may be highly distorted and may decrease due to gap-induced 
impedance changes. During Phase 1, coil current flows through 
SW1 62 and SW2 68. 

2. At time t, , turn off SW1 62; leave SW2 68 turned on. This leads 
15 to v roi/ = -(V JUidc +V :iW _ on ). The time from /, to / 2 is termed Phase 2. 

During Phase 2, the motor flux is nearly constant; coil current 
will vary in a manner consistent with motor gap motion. The coil 
current "freewheels" through diode Dl 64 and SW2 68. 

3. At time / 2 , turn off SW2 68. This leads to v^, =-(2^ + ^.) . 
20 The time from / 2 to / 3 is termed Phase 3. During Phase 3, the 

motor flux decreases in a linear fashion, and the coil current 
generally decreases. During this phase, the coil current 
freewheels through diode Dl 64 and diode D2 66. 

4. At timer 3 , the coil current and motor flux reach zero, at which 
25 point no further current flows in Dl and D2, and these diodes 

passively return to their reverse-biased, or blocking, state. For 
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the remainder of the cycle (until / 5 ), no voltage is applied to the 
motor and no current flows in the motor coil. 

In an alternate sequence, one could choose to turn off SW2 68 
in Phase 2, thus having the coil current freewheel through SW1 62 
5 and D2 66. The voltages seen at the motor would be identical for 
this alternate scenario. Figure 6 also shows a unipolar voltage 
source 50 connected in parallel with a capacitor 52, and with an 
active circuit controller providing the control for switching the 
switches SW1 62 and SW2 68 based on the above-described 
10 sequence. 

Figures 30, 31, and 32 show voltage, flux, force, current, and 
gap length waveforms for a representative VR motor excited by this 
discontinuous pulsed waveform. Note that, consistent with the 
voltage-flux relationship described earlier for the VR motor, the 

15 applied voltage pulses lead to a trapezoidal shaped flux profile. 
Although the strongest frequency component of the associated force 
waveform will be at the frequency determined by / = l/(' 5 -/ 0 ), this 
generated dynamic force will clearly exhibit substantial dynamic 
forces at harmonics of this fundamental frequency. Thus, the fifth 

20 embodiment of the invention is very useful for those applications 
where a very low distortion sinusoidal applied force is not required. 

As discussed earlier, semiconductor and ohmic voltage drops 
in the drive circuits for these VR motors serve to drive the motor 
flux and coil current towards zero more rapidly than away from zero 

25 (for a zero-mean applied dynamic voltage). Thus, referring to 
Figure 31, the time it takes to increase the motor flux to its peak 
value (time r 0 to r,) is slightly greater than the time to reduce the 
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flux from its peak to zero (time t 2 to /,). A highly exaggerated 
example of this behavior is shown in Figure 32, where the coil has 
30 ohms of DC resistance, and the transistors and diodes have 10 
volts of on-state voltage drop. Here the "ramp-up" time is clearly 
5 longer than the "ramp-down" time. 

As described earlier, open-loop stability of a VR motor 
controlled by an embodiment of the invention is dependent on the 
applied voltage having a mean (DC) value of no greater than zero. 
Examples were presented in which this mean value could be slightly 

10 increased to compensate for the effects of semiconductor and ohmic 
voltage drops, but these examples came with the requisite warnings 
that such schemes, if not very carefully employed, could destabilize 
the VR motor drive schemes. 

The equivalent stability criterion for a pulse drive scheme is 

15 that the "ramp up" time (/ 0 to r,) cannot exceed 50% of the total 
cycle time (/ 0 to t 5 ). Because of the slew-rate asymmetries discussed 
earlier, such a restriction guarantees that the motor flux and coil 
current will return to zero at least once per cycle, and flux runaway 
conditions will be avoided. One could consider slightly increasing 

20 this percentage (up to 51%) to compensate for the aforementioned 
voltage drops in any real motor system, but, again, there is the 
danger of overcompensating and thus negating the inherent open-loop 
stability guaranteed by the invention. Example waveforms of a 
system running at 49.5% duty cycle are shown in Figures 33, 34, 

25 and 35. 

Amplitude adjustment is accomplished in the earlier described 
embodiments by varying the amplitude of the applied voltage 
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waveform. With pulsed, or switched, systems, where a fixed 
voltage is alternately switched on and off the load, one generally 
varies the pulse width, or duty cycle, of the output waveform. The 
pulse drive sixth embodiment of the invention accomplishes 
5 amplitude adjustments in this manner; simply varying the duty cycle 
of the waveform between 0% and 50% achieves the full range of 
motor amplitudes (see Figures 36 and 37 for example 15% and 32% 
waveforms; Figure 31 shows a 25% waveform). 

While the fifth embodiment of the invention exhibits 

10 substantial harmonic distortion in the generated motor force, for 
those applications where such distortion is acceptable, this 
embodiment offers several distinct advantages over other drive 
schemes. First, the pulse drive method employs a switching-type 
output scheme, which generally exhibits much lower semiconductor 

15 losses than equivalent linear amplifiers. In addition, since typical 
pulse width modulation (PWM) switching amplifiers switch their 
output transistors at a frequency much higher than the desired 
fundamental output frequency (for a 500 Hz force waveform, a 
PWM amplifier switching at 20-40 kHz would commonly be 

20 employed), the pulse drive scheme discussed here will have lower 
switching losses by a factor of about 40: 1 (20 kHz/500 Hz). 

In addition to the advantage derived from the lower switching 
rate, half of the switching events in the switches SW1 62 and SW2 
68 (whereby each may be configured by a transistor, for example) 

25 fall into the soft-switching category, which is defined as a device 
switching event that occurs when no current is flowing in the device. 
In contrast, a hard-switching event is defined as a device switching 



WO 01/39588 PCT/USOO/32988 

event that occurs when current is flowing in the device. Generally, 
hard switching events dissipate substantially more energy than soft 
switching events. The turn-on of SW1 62 and SW2 68 at the 
beginning of Phase 1 (see description above) is a soft-switching 

5 event; the turn-off of these devices (at the ends of Phases 2 and 3) 
are hard-switching events (turn-off occurs , .while current is still 
flowing in the transistors). In a typical PWM voltage amplifier, 
most of the switching events are hard switching. 

Yet another advantage to soft-switching schemes is that they 

10 typically generate less electrical noise (conducted or radiated) tharf 
their hard-switching counterparts. Because the design requirement to 
make a rapid transition between ON and OFF states is eased, one 
can switch the transistors more gradually, thus substantially reducing 
the high frequency content of any radiated or conducted energy. 

15 Besides the lower amplifier losses, the pulse drive scheme 

described here offers the potential to achieve higher maximum output 
force levels at the fundamental output frequency than would be 
possible with a sine-wave drive scheme. Those skilled in the art will 
appreciate that, for a given motor with its associated face area at the 

20 motor air gap, the peak electromagnetic force that can be generated 
between the armature and the core is given (to a first approximation) 
by: 

F = B « A 
peak ~ 2 Mo 

where 2? ifl , is the saturation flux density of the E and I stack material 
25 (typically an iron alloy), A is the total area of the ends of the E legs, 
and/i 0 is the permeability of free space. 
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Figure 7 shows sinusoidal (dashed curve) and trapezoidal 
(solid-line curve) flux waveforms (the trapezoidal waveform derives 
from a 25% duty cycle pulse drive scenario) that can be used in 
accordance with the fifth embodiment. Note that both waveforms 

5 vary between 0 and B w( , the maximum flux density achievable for 
the motor in question. Designating the magnitude of the sinusoidal 
waveform as 1.0, it can readily be found that the Fourier coefficient 
of the fundamental frequency component of the trapezoidal 
waveform is about 1.14fl M , , or 14% greater than the magnitude of 

10 the sinusoid. Applying the same analysis to the corresponding force 
waveforms (also in Figure 7) reveals that the fundamental frequency 
force component of the trapezoidal waveform is 30% greater than its 
sinusoidal counterpart (this increased force is intuitively consistent 
with the greater area found underneath the Pulse Drive Force curve 

15 relative to the area underneath the Sin Drive Force curve). Thus, 
the pulse drive scheme, with its attendant trapezoidal waveform, 
offers a way by which one can generate additional electromagnetic 
force within the constraints of a given motor geometry. Note that 
since the pulse drive scheme generates larger amounts of harmonic 

20 distortion, one should expect to observe higher dissipation in the 
magnetic structure of the motor (relative to sinusoidal drive) when 
using this scheme. 

Inspection of Figure 6 reveals that this circuit is a unipolar 
design, meaning that current can only flow through the load in one 

25 direction. Thus, this circuit inherently implements the functionality 
of the series diode-coil circuit discussed above, but without the 
addition of the series diode. 
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In a sixth embodiment of the invention, switches SW1 62 and 
SW2 68 of Figure 6 are switched on and off using a high frequency, 
PWM scheme, where the modulation of the high frequency chopping 
signal varies with the application (it could be any of the sinusoidal, 

5 cosine segment, or other schemes discussed earlier). Since the drive 
circuit is inherently unipolar, one observes the same behavior as if 
these schemes were implemented with a bipolar amplifier and a 
series diode-coil. To guarantee open-loop stability, the average duty 
cycle generated by the PWM circuit must be no greater than 50%. 

10 For such embodiments, the PWM waveform is generated in the same 
Active Circuit Controller 70 in Figure 6 used to generate the lower 
frequency drive pulses discussed earlier. This Active Circuit 
Controller 70 is generally a device capable of generating any user- 
defined pulse train, and it often contains a microprocessor or other 

15 computer element. One such commercially-available controller is 
Part # MC688332, manufactured by Motorola. 

When using schemes that employ open-loop modulation of an 
output PWM stage, one is sensitive to variations in the amplitude of 
the D.C. voltage supplying the circuit. In particular, if one utilizes 

20 an unregulated rectifier supply that converts 60 Hz AC line power to 
unregulated DC power, one will experience 120 Hz or 60 Hz ripple 
of the output voltage of this supply. This ripple, when applied to an 
open-loop-driven output stage, leads to 120 Hz or 60 Hz amplitude 
modulation of the output flux realized in a motor. If this amplitude 

25 modulation is problematic, it can be reduced with additional power 
supply filtering or can be compensated by "pre-modulating" the duty 
cycle requested of the PWM amplifier at a synchronized 120 Hz or 
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60 Hz rate. Switching amplifiers that measure the actual output 
voltage and use this measurement in a feedback configuration to 
compensate for power supply variations are not subject to this 
amplitude modulation distortion. Such "voltage feedback" 

5 amplifiers are still open-loop devices for the purpose of the present 
invention, since they do not explicitly measure any states inherent to 
the motor coil(s) being driven. 

While many of the embodiments of the invention discussed so 
far have been presented in the context of a one-sided VR motor (such 

10 as that shown in Figure 1), all of these embodiments are equally 
applicable to a two-sided VR motor (for example, as shown in 
Figure 2), and even to other types of motors, such as a multiple- 
operating-frequency (fl/f2) motor, or motors such as the ones shown 
in Figures 13 and 14. A previous example demonstrated the 

15 operation of a two-sided motor excited with complementary 
sinusoidal flux waveforms; in this example, successful operation of 
the motor was accomplished by phasing the left and right flux 
waveforms so that the peak left flux occurred when the right flux 
was zero and the peak right flux occurred when the left flux was 

20 zero. With such phasing, the peak net force between the armature 
and the core assembly alternates between pulling left and pulling 
right. If the two core halves are identical, then the static (D.C.) 
components of the left and right forces will balance, resulting in a 
net zero static force between the armature and the core assembly. 

25 As discussed above, for properly phased offset-sinusoidal flux 
waveforms in the left and right motor gaps, the second harmonic 
terms cancel, leaving one with a sinusoidal output force. 
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Each of the embodiments described herein is applicable to 
two-sided VR motors. In general, for those drive schemes that 
exhibit harmonic force distortion when applied to a one-sided motor, 
one observes cancellation of the even distortion terms (2(0, 4co, 6co, 

5 and so on). Thus, while the complementary nature of the two-sided 
motor does not completely eliminate distortion terms, is greatly 
reduces them. For all of these drive schemes, the proper phasing of 
the signals is that which synchronizes the zeroes of one flux 
waveform with the peaks of the other (as discussed for the sinusoid 

10 above). 

Furthermore, each of the embodiments is applicable to other 
types of motors that have the following features in common: an air 
gap between a core and a moving part, motion, coils, and use of 
electromagnetic force to provide motion. For example, wrap-around 

15 motors, EIE motors, IEI motors, or fl/f2 motors may be operated in 
accordance with any of the embodiments described herein. 

Since, for any realizable motor assembly, it is unlikely that the 
left and right nominal gap lengths will be identical, it is instructive to 
consider how this motor behaves for unequal gaps. Recalling the 

20 basic operating equation for the drive schemes of the invention, 

v =N$-+iR, it is noted that, as discussed earlier, the relationship 

di 

between applied coil voltage and resultant motor flux is independent 
of gap length (except for the small iR distortion term). Thus, while 
the current observed in the left and right motor coils may be different 
25 for the same applied voltage, the developed flux (and force) on the 
left and right sides will be the same (assuming identical coils and 
core geometries). 
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One way of achieving the proper phasing of the left and right 
flux waveforms is to drive the left and right coils in the manner 
shown by Figure 8, in accordance with a seventh embodiment of the 
invention. Here, an active circuit 56, for example a bipolar 
5 amplifier, is used to drive the two coils, each with a series diode, 
diode 72 with coil 74, diode 76 with coil 78. Each diode (72 and 76) 
conducts in the opposite direction relative to the amplifier output 
voltage V r These two diode-coil pairs are driven in parallel by the 
active circuit amplifier 56 in accordance with the connections shown 
10 in Figure 8. As noted above, the currents in these two coils will be 
different to the degree that the nominal air gap lengths are different. 
However, the net D.C. current flow from the amplifier 56 is limited 
to the difference between the two individual D.C. coil currents in 
coils 74 and 78. 

15 A variation on this scheme is shown in Figure 9, which shows 

an eighth embodiment of the invention, in which a series capacitor 
82 has been inserted between the amplifier and the pair of motor 
coils and diodes shown in Figure 8 (as in Figure 8, the active circuit 
56 comprises a linear or switching voltage amplifier). Optionally, a 

20 resistor 84 and an inductor 80 may be added in parallel to the series 
capacitor 82. The addition of the series capacitor 82 permits one to 
realize a resonant voltage boost from the L-R-C circuit formed by 
the motor coils 74 and 78 (L^+R^,,// L coil2 +R coil2 ) and the series 
capacitor 82 (C). However, in the absence of the optional inductor 

25 and/or resistor, the DC voltage across the capacitor will be non-zero 
to the extent that the motor air gaps are of unequal lengths (the motor 
coil with a larger gap will experience a higher coil current for the 
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same applied voltage). These unbalanced currents cause net charge 
to build up on the series capacitor to maintain the same DC current 
in both coils; this capacitor voltage is polarized in such a way that 
the coil with the larger gap experiences a net reduction in the applied 
5 voltage, and the coil with the smaller gap experiences a net increase. 
Thus, the side of the motor with the smaller, gap generates larger 
forces, thus acting to destabilize the motor. The extent to which 
such destabilization is acceptable depends on, among other things, 
the stiffness of the armature suspension and the degree of mismatch 

10 of the gap lengths. One can alleviate this destabilization by installing* 
in parallel with the series capacitor 82 an inductor 80 and resistor 84 
of suitable value so that the DC unbalance current can flow, but not 
of such value that the voltage boosting effect of the resonant circuit 
is disturbed. The determination of appropriate values for the 

15 inductor 80 and resistor 84 is readily ascertainable to one skilled in 
the art. 

Each of the embodiments of the invention described heretofore 
have not required any active feedback control for their successful 
implementation (they are all open-loop schemes). There is a class of 

20 embodiments of the invention that relies on a combination of open- 
loop voltage control for the dynamic component of the drive signal 
(like the schemes discussed above) and low-frequency current control 
for bias adjustment to achieve stable, large gap excursion operation 
of VR dynamic force motors. 

25 As discussed above, application of a zero-mean dynamic 

voltage signal to a series diode-coil (as in Figure 5) results in current 
and flux waveforms that slew towards zero more rapidly than they 
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slew away from zero. Thus, in real-world applications with finite 
voltage-drop diodes and finite resistance coils, these waveforms 
exhibit, to a greater or lesser extent, "zero-clipping" for part of each 
cycle of the dynamic waveform. Several embodiments of the 
5 invention employ low-frequency current feedback to minimize this 
zero-clipping behavior, while other embodiments utilize no feedback 
at all. Use of low-frequency current feedback is described below in 
connection with a ninth embodiment of the invention. 

Consider, for example, the response of a VR motor coil to 
10 application of the voltage waveform: 

v^w = ^cos(flj,0+Bcos(o> 2 0 

to the series diode-coil combination of Figure 5. With an ideal load 
15 (zero diode voltage drop, zero resistance coil), one expects a 
resultant flux waveform Of the form: 

<j) ~ A + B + Asin(o,t) + Bsin(o 2 t) 

20 This waveform has an envelope at the difference frequency |<y, -<u 2 \ , 
the peaks of which are at zero. Because of the asymmetric slewing 
characteristics discussed earlier for applications with finite diode 
voltage drop and finite resistance coils, the peaks of the flux 
waveform envelope are clipped at zero. 

25 Inspection of Figures 38 and 39 reveals the effect of 

asymmetric slewing on this two-frequency flux waveform. As the 
envelope of the flux waveform swells towards a peak, one observes 
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successive tip "collisions" as the flux and current reach zero. From 
t 0 to /, there can be seen a minor clipping of the flux waveform, but 
from r 2 to / 3 the flux waveform experiences substantial zero clipping. 
While this clipping may not appear to the naked eye to be 

5 substantial, it can introduce significant flux and force components at 
a, ±|<y, -o 2 | and o) 2 ±|g>, -<a 2 | (see Figure 39 for a frequency domain 
analysis). To a great extent, these distortion components are not 
cancelled by employing this drive scheme with a two-sided motor. 
Thus, reducing or eliminating these distortion components by 

10 reducing zero clipping offers the potential for significantly improved 
motor performance. 

As discussed earlier, one can measure the coil current and the 
voltage drop across the series diode (again as in Figure 5) and use 
these measurements to pre-compensate the applied coil voltage with: 



15 



where V D + i coil R coil represents an offset voltage added to /Isin(cot). 

As noted earlier, if the compensation term K D + '»„„*„,« is slightly too 
20 large, one can end up in an unstable flux "runaway" condition where 

the motor flux increases until the motor material is saturated, and the 

armature is magnetically clamped to the core face. 

To implement this sort of compensation in a stable manner, 

consider the following embodiment of the invention: rather than 
25 simply adding V D + /„,,/?„,, to the drive voltage (and suffering the 

uncertainties and thermal drifts associated with K 0 and R^,), 
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implement means by which one can detect the presence of the zero 
clipping phenomenon discussed above, and slowly adjust the DC 
component of V s . compensated until this zero clipping is minimized (but not 

reduced to zero). By adjusting the feedback circuit so that some 

5 minimal amount of zero clipping is still exhibited, one is assured that 
a flux runaway condition is not present. See Figures 40 and 41 for 
an example of introducing such offset compensation, which is a 4V 
offset in the shown example. 

Because of the relationship that the flux in an electromagnetic 

10 circuit is zero when the current is zero (regardless of the gap length), 
one can reliably detect flux zero clipping by determining whether or 
not current zero clipping is present. One implementation of the ninth 
embodiment of the invention is shown in Figure 10, where the multi- 
frequency sine wave signal is generated by multi-frequency sine 

15 generator 96. Here, the series diode used to guaranteed positive- 
only current flow is removed; in this circuit, "positive-only" current 
flow is maintained via an automatic offset adjusting mechanism. 
Since, as stated above, the circuit works by minimizing the 
magnitude of the current pulses that actually go below zero (since the 

20 series diode has been removed, such negative pulses are possible), 
one can simply measure the current waveform via various sensing 
devices (such as current sensor 86), pass this signal through a 
precision inverting negative rectifier circuit 88 that removes ail 
except the negative current pulses, then the signal is passed through a 

25 low-pass-filter 90, then the signal is gain adjusted using gain 
adjustment unit 92. The output of the gain adjustment unit 92 is fed 
back to a summing device 94, so as to adjust the DC output offset 
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voltage generated by the power amplifier. In Figure 10, the active 
circuit 56 comprises a bipolar linear or switching amplifier and has 
as its input the summed V sine and signals from the summing 
device 94, The continued presence of negative current clipping 

5 pulses is required to keep from decaying back towards zero. 
Thus, the circuit achieves balance between the low pass filter 
working to reduce the compensation voltage, and the presence of the 
negative current clipping pulses acting to increase the compensation 
voltage. One may adjust the gain of the feedback voltage (by gain . 

10 adjustment unit 92) so that the magnitude of the remaining negative 
current pulses is very small. 

Although the example presented here is for two distinct drive 
frequencies, this method of compensating the output voltage to 
correct for the effects of asymmetric slewing works well for single 

15 frequency applications as well as for multi-frequency situations 
(more than two frequencies). 

An additional implementation of the ninth embodiment of the 
invention is best understood by referring to the circuit in Figure 11. 
Figure 11 shows a scheme for ensuring that the coil current becomes 

20 zero at least once per cycle while ensuring that the coil current is 
unipolar (diode 58 in Figure 11 prevents the flow of reverse 
current). In Figure 11, a diode 58 is inserted in series with the motor 
coil 60, and a threshold-type current detection switch (or sensor) 98 
monitors the current in the motor coil 60. This threshold-type 

25 current sensor 98 provides a digital binary output that is high 
(Boolean true) when no current is flowing in the coil 60, and low (or 
zero, Boolean false) when current is flowing in the coil 60. In the 
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same manner as discussed above, this signal is filtered via low-pass 
filter 90 and gain adjusted via gain adjustment unit 92, and the gain- 
adjusted-and-filtered output is employed to adjust the output offset of 
the power amplifier so that the peaks of the current signal are 
5 repeatedly zero, but for minimal time. Note that the configuration of 
Figure 11 can also be applied to the unipolar output stage shown in 
Figure 6. 

A tenth embodiment that employs threshold current sensors is 
presented in Figure 12. Here, threshold current sensors (or current 

10 detection switches) 98a and 98b are placed in both bottom legs of a 
unipolar output bridge (formed by switch SW1 62, switch diode Dl 
64, diode D2 66 and switch SW2 68 in Figure 12), the signals from 
which are combined with a logical AND gate 102 before being 
filtered by a filter 90 and employed as a feedback source in the 

15 manner described above with respect to Figures 10 and 11. In 
Figure 12, voltage drive for the motor coil 60 is accomplished via 
PWM generator 100 and the active circuit controller 70 which, in 
Figure 12, includes primarily appropriate gate drive circuitry for 
SW1 62 and SW2 68. Note that a current detection switch (such as 

20 98a or 98b) could be placed in series with motor coil 60, such that an 
offset adjustment scheme is implemented very similar to that 
described above for Figure 1 1 . 

The circuits of Figures 11 and 12 strictly preclude any 
negative current from flowing, whereas small amounts of negative 

25. current can flow in the circuit of Figure 10. 

Many applications of VR motors require that the ratio between 
output force amplitude and input command signal be reasonably 
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constant over a certain bandwidth (colloquially, this is described as 
"flat" response). To the extent that one can compensate for gap 
variations, flat response is generally regarded as characteristic of 
most of the current control schemes described in the prior art. 
5 Voltage control schemes, including those of the present invention, 
typically exhibit the strong frequency dependent response function 
discussed below. 

For the VR motors discussed here, the relationship between 
motor force and motor flux is frequency invariant (this is true for 

10 both current and voltage control schemes). However, the 
relationship between motor coil voltage and motor flux exhibits a 
strong 1/co relationship, while the relationship between current and 
flux is generally flat. Mathematically, this result is obtained when 
the defining relationship between voltage and flux is transformed into 

15 the frequency domain: 



v(t) 

f (t) ; Q-^-dt+C (time domain) 

F (J w ) y — t (frequency domain) 

wt jN a 



Here it is seen that, for a given applied voltage amplitude, the 
20 resultant flux (and associated force) decreases for increasing 
operating frequency. 

In applications where the VR motor is expected to receive at 
the command input a broadband signal (such as white noise or music) 
and generate a low-distortion force representation of such an input 
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signal, this 1/co characteristic can prove difficult to compensate. 
However, in situations such as those described in the present 
invention, where the input command signal comprises a request for 
dynamic force at a number of specified discrete frequencies, one can 
5 readily pre-compensate the input command signals to account for the 
1/co characteristic of the motor when driven with a voltage control 
scheme. Such pre-compensation is particularly trivial when the 
command signals are generated via a microprocessor-based (or other) 
computer system; here, pre-compensation involves simply 
10 multiplying the command amplitude by the ratio of the instantaneous 
frequency and a selected reference frequency. Such open-loop pre- 
compensation has been employed in VR motor research and 
development by the inventor and by others employed with 
Macrosonix Corp. 

15 It will be appreciated by those skilled in the art that the VR 

motor topologies shown are merely illustrative and do not represent 
the many shapes and styles of VR motor that are attainable. For 
example, one could envision motor structure with multiple coils and 
independent flux paths, each coil independently excited by one 

20 embodiment of the present invention. Also, the VR motor could be 
constructed using a round, axisymmetric topology rather than the 
"square" topology illustrated here. And, a VR motor can be 
constructed using an I-E-I topology rather than the E-I-E structure 
shown in Figure 2. Such alternate topologies are presented in 

25 Figures 13 and 14. Figure 13 shows an IEI motor, and Figure 14 
shows a "round" motor (having annular rings). Figure 15 shows a 
spiro-wrap construction technique, whereby a plurality of sheet steel 
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elements are banded together to form the constituent components of a 
" round " topology motor such as shown in Figure 13. Also, one 
could envision a motor structure with multiple coils and independent 
flux paths, each coil independently excited by one embodiment of the 
5 invention. Figure 16 shows a top and a side view of a multiple coil 
motor core 1600 (with support structures 1620, 1630, 1660, springs 
1640, 1650, coils 1670, 1680, and armature 1610) that may be 
controlled in accordance with one or more embodiments of the 
present invention. 

10 In addition, one skilled in the art can envision other circuits 

and control scheme implementations that, while not described here in 
detail, fall within the scope of the present invention. For example, 
one could implement the pulse drive control scheme discussed earlier 
by first turning off SW2 and then later turning off SW1 (this 

15 variation has the current freewheeling phase occur in the upper 
bridge devices in Figure 6). Another circuit variation is the Oulton 
drive circuit which utilizes a split-unipolar power supply in 
conjunction with ground-referenced motor coils (this circuit uses 
fewer components, but must experience balanced currents for proper 

20 operation). Yet another variation uses a conventional bipolar voltage 
amplifier and series diode (as in Figure 5) to implement the pulse 
drive scheme discussed with Figure 6. 

As various changes could be made in the above embodiments 
without departing from the spirit scope of the invention, it should be 

25 understood that all matter contained in the above description or 
shown in the accompanying drawings shall be interpreted as 
illustrative and not in a limiting sense. Furthermore, those skilled in 
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the art will appreciate that other embodiments not described herein 
are possible, and that these may also fall within the scope of the 
invention. 

For example, the present invention is also applicable to 
controlling an E-E motor having coils on the armatures, whereby the 
two coils work together to provide motor movement. 
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What Is Claimed Is : 

1; A method of controlling a VR motor, comprising: 

providing, via an open-loop active circuit, a dynamic voltage to a coil of 
said motor to result in a substantially unipolar current flowing in the coil, said 
periodic voltage being applied so as to maintain control of said motor irrespective 
of instantaneous motor gap and driven load characteristics. 

» 

2. The method according to claim 1, wherein the dynamic voltage is a 
periodic voltage with a period P, and wherein a flux in the coil is controlled to 
have a zero value for at least one instant in time during each period P. 

3. The method according to claim 1, wherein the VR motor is one of a 
one-sided motor and a two-sided motor, and wherein the coil is provided on one 
of a core and an armature of the VR motor. 

4. The method according to claim 1, wherein an underdamped, reactive 
load is coupled to the VR motor. 

5. The method according to claim 1, wherein a resonant load is coupled to 
the VR motor. 

6. The method according to claim 5, wherein the load is an acoustic 
device. 
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7. A method of controlling a VR motor that is operable at a plurality of 
operating frequencies, comprising: 

receiving a signal that includes a plurality of discrete frequencies, as a 
command input to the VR motor; 

precompensating the command input in accordance with a 1/co 
characteristic of the VR motor; and 

generating a low-distortion force representative of the command input. 

8. The method according to claim 7, wherein the VR motor is one of a 
one-sided motor and a two-sided motor. 

9. The method according to claim 7, wherein an underdamped, reactive 
load is coupled to the VR motor. 

10. The method according to claim 7, wherein a resonant load is coupled 
to the VR motor. 

11. ' The method according to claim 9, wherein the load is an acoustic 
device. 

12. A method of controlling a VR motor, comprising: 

providing, via an open-loop active circuit, a bipolar periodic voltage to a 
coil of said motor to result in a substantially unipolar current flowing in the coil, 
said periodic voltage being applied so as to maintain control of said motor 
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irrespective of instantaneous motor gap and driven load characteristics, said bi- 
polar periodic voltage being derived from a uni-polar voltage source. 

13. The method according to claim 12, wherein the VR motor is one of a 
one-sided motor and a two-sided motor. 

14. The method according to claim 12, wherein an underdamped, reactive 
load is coupled to the VR motor. 

15. The method according to claim 12, wherein a resonant load is coupled 
to the VR motor. 

16. The method according to claim 14, wherein the load is an acoustic 
device. 

17. The method according to claim 1, wherein a stiffness characteristic of 
a suspension structure provided in said VR motor is sufficient to limit a 
displacement of an armature structure of said VR motor due to static 
electromagnetic offset forces to a value less than a nominal air gap length 
between said armature structure and a core structure. 

18. The method according to claim 1, wherein said VR motor includes a 
plurality of armature and core assemblies, said armature assemblies rigidly 
interconnected to form an armature structure, said core assemblies rigidly 
interconnected to form a core structure, said armature and core structures 
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resiiiently attached in such a manner that flux excitation in said core assemblies 
exerts electromagnetic forces of attraction on said armature assemblies. 

19. The method according to claim 1, wherein current flow in a core 
conductive winding of said VR motor is restricted to a single direction by 
providing a rectifying diode in series with said core conductive winding. 

20. The method according to claim 1, wherein current flow in a core 
conductive winding of said VR motor is restricted to a single direction by 
providing a unipolar amplifier output stage that only permits the flow of positive 
current from an output stage to a core circuit of said VR motor and not from said 
core circuit to said output stage. 

21. The method according to claim 1, wherein the providing step 
comprises the substeps of: 

generating a voltage by one of a linear and switching unipolar voltage 
amplifier; and 

offsetting the generated voltage so to minimize an amount of time when 
zero current is flowing from the unipolar voltage amplifier to said coil of said 
motor. 

22. The method according to claim 21, wherein said offset voltage is 
determined as an open-loop value not derived from any feedback source. 
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23. The method according to claim 21, wherein said offset is determined 
by measuring the current in said conductive winding and employing said 
measurement as a feedback compensation signal to effect said offset voltage. 

24. The method according to claim 1, wherein said dynamic voltage is 
generated by a linear voltage amplifier. 

25. The method according to claim 1, wherein said dynamic voltage is 
generated by a switching voltage amplifier, a switching frequency of said 
switching voltage amplifier being equal to or greater than a frequency of a 
dynamic force of said VR motor. 

26. The method according to claim 1, wherein said dynamic voltage is 
maintained at a constant amplitude in spite of variations in the amplitude of the 
power supply voltage provided to said active circuit, said maintaining 
accomplished by varying the requested dynamic voltage drive level in a manner 
out-of-phase with the variations in the amplitude of said power supply voltage. 

27. The method according to claim 1, wherein said dynamic voltage is a 
sinusoid. 

28. The method according to claim 1, wherein said dynamic voltage 
includes a plurality of sinusoids at distinct frequencies and amplitudes. 

29. The method according to claim 1, wherein said dynamic voltage 
includes a sum of one or more distinct sinusoids added to a DC offset voltage so 
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as to compensate for any DC voltage drops exhibited by a core circuit of said VR 



30. The method according to claim 1, wherein said dynamic voltage 
includes a series of repeating half-cosine segments, said segments varying from a 
positive peak of a cosine wave to a negative peak of the cosine wave followed by 
a step transition back to the positive peak of a cosine wave. 

31. The method according to claim 1, wherein said dynamic voltage is a 
combination of repeating half-cosine segments, said repeating half-cosine 
segments occurring at multiple discrete frequencies, a waveform for said dynamic 
voltage being defined by 



32. The method according to claim 1, wherein said dynamic voltage is a 
cyclical sawtooth waveform. 

33. The method according to claim 3, wherein said VR motor is the two- 
sided motor, and wherein a core circuit of said VR motor comprises: 

=> a forward-biased diode in series with a first core conductive winding; 
a reverse-biased diode in series with a second core conductive winding; 



motor. 



"dynamic § l»qf/rtq 




g V «-i 8 



a A,w„ sinKOt*- iR, 1£ nt # of frequencies 
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=> means to connect in parallel said forward and said reverse diode-coil 
series pairs; and means to apply a zero-mean-value dynamic voltage to 
said paralleled pairs. 

34. The method according to claim 21, wherein a series capacitor is 
inserted in series with a core circuit of said VR motor. 

35. The method according to claim 21, wherein a parallel combination of 
a capacitor and an inductor is inserted in series with a core circuit of said'VR 
motor. 

36. The method according to claim 1, wherein a core structure of said VR 
motor includes at least one core assembly, each said core assembly having a 
plurality of poles, a subset of said plurality of poles being encircled by distinct 
core conductive windings, said core conductive windings driven by independent 
means and exciting independent paths of magnetic flux, said windings being 
driven by one or more distinct frequencies. 

37. The method according to claim 1, wherein said dynamic voltage 

follows a waveform: 

v(t)*+V dc , 0 < r < f , {Phase 1). 

v(0*0, h<t<t 2 {Phase!) 

■ v(t)*-V de , / 2 </</ 3 (Phase 3) 

v(/)*0, t,<t<T (Phase 4) 

with period T. 
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38. The method according to claim 37, wherein said time f 2 is substantially 
equal to T/2. 

39. The method according to claim 37, wherein said time t 2 is equal to T/2 
+ e, said time period e being introduced to compensate for asymmetries in the 
slewing properties of said core circuit. 

40. The method according to claim 37, wherein during said Phase 1 said 
v(r)is applied to said core conductive winding via two actively switched electrical 
devices, during said Phase 2 said v(/)is applied to said core conductive winding 
via one actively switched electrical device and one passive electrical device, 
during said Phase 3 said v(r)is applied to a core conductive winding of said VR 
motor via two passive electrical devices, and during said Phase 4 said v(f)is 
obtained by virtue of all active and passive electrical devices comprising an 
amplifier means for outputting said v(t) being in a non-conductive state. 

41. The method according to claim 1, wherein said dynamic voltage is 
generated by switching between two substantially fixed values of substantially 
equal magnitude and opposite sign at a frequency at least twice that of a highest 
desired dynamic force, a duty cycle of said switching modulated in such a 
manner that low frequency components of said dynamic voltage occur at 
frequencies to generate said dynamic force at desired frequencies. 

42. The method according to claim 1, wherein said dynamic voltage 
includes a value of substantially zero volts. 
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43. The method according to claim 41, wherein an average duty cycle of 
said switched voltage waveform is less than or equal to 50%. 

■ > . 

44. The method according to claim 41, wherein an average duty cycle of 
said switched voltage waveform is less than or equal to 50% plus a small offset 
value. 

45. A method of controlling a VR motor, comprising: 

providing a dynamic voltage to a coil of said motor so that a substantially 
unipolar coil current flows in the coil, said periodic voltage being applied so as to 
maintain control of said motor irrespective of instantaneous motor gap and driven 
load characteristics; 

measuring the current in a core conductive winding of said VR motor; and 

generating a DC offset voltage that is summed with said applied dynamic 
voltage such that a time duration and magnitude of excursions of said measured 
current are minimized. 

46. The method according to claim 45, wherein the VR motor is one of a 
one-sided motor and a two-sided motor. 

47. The method according to claim 45, wherein an underdamped, reactive 
load is coupled to the VR motor. 
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48. The method according to claim 45, wherein a resonant load is coupled 
to the VR motor. 

49. The method according to claim 47, wherein the load is an acoustic 
device. 

50. A method of generating a substantially sinusoidal flux waveform for 
a variable reluctance (VR) motor, comprising: 

applying a voltage waveform to a coil of the motor, the voltage waveform 
having a substantially zero mean, the voltage waveform being maintained 
irrespective as to a change in a size of the gap, 

wherein no current control with respect to the coil is utilized during 
operation of the motor. 

51. The method according to claim 50, wherein the voltage waveform is a 
periodic signal, 

wherein the substantially sinusoidal flux waveform returns to a zero flux 
value between a cycle time t t and a cycle time tj with respect to a start time- of 
each cycle of the substantially sinusoidal flux waveform, wherein t, corresponds 
to a time that, is just prior to one full cycle of the substantially sinusoidal flux 
waveform, and \^ corresponds to an end time of the one full cycle, wherein the 
substantially sinusoidal flux waveform maintains a zero voltage value for at least 
a fixed portion of each cycle of the substantially sinusoidal flux waveform. 
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52. The method according to claim 50, wherein the coil has a fixed 
resistance value and a fixed voltage value associated therewith, and wherein the 
voltage waveform has a mean value that is equal to the fixed voltage value. 

53. The method according to claim 50, wherein the coil has a fixed 
resistance value, the method further comprising: 

measuring a current flowing through the coil; 

calculating an offset voltage value that is equal to the fixed resistance value 
multiplied by a value corresponding to the measured current; and 
offsetting the voltage waveform by the offset voltage value. 

54. A method of controlling a variable reluctance (VR) motor, 
comprising: 

applying a substantially zero-mean voltage waveform to a coil of the 
motor, 

wherein each cycle of the substantially zero-mean voltage waveform 
includes: 

a first time period in which a first positive voltage value is provided; 
a second time period in which a zero voltage value is applied; and 
a third time period in which a second negative voltage value is 

applied, 

wherein an absolute value of the first and second voltage values is 
substantially equal to each other. 
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55. The method according to claim 54, wherein a substantially 
trapezoidal flux waveform that represents a flux within the gap is obtained as a 
result. 

56. The method according to claim 54, wherein the first, second and 
third time periods are equal in time duration for said each cycle. 

57. The method according to claim 54, wherein the first, second and 
third time periods are unequal in time duration for said each cycle. 

58. A method of controlling a multi-frequency variable reluctance motor 
that operates in at least a first operation frequency and a second operating 
frequency, comprising: 

calculating a sinusoidal voltage to be applied to a coil of the motor, the 
sinusoidal voltage being calculated as Asin(©i)t 4- Bsin^t + C, wherein A, B 
and C are constants; and 

applying the sinusoidal voltage to the coil for at least a plurality of cycles 
of the sinusoidal voltage, the sinusoidal voltage being applied irrespective as to a 
gap width change between the core and the moving part. 

59. The method according to claim 58, further comprising: 
measuring a current I flowing through the coil, 

wherein C is equal to I * R, R being a resistance of the coil, and 
wherein C corresponds to a DC offset to be added to the sinusoidal 
voltage. 
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60. A variable reluctance (VR) motor, comprising: 
a coil; 

a core; 

an armature that moves based on a force provided in a gap disposed 
between the core and the armature; and 

a voltage source that is configured to apply a dynamic voltage waveform to 
the coil that results in a substantially unipolar current flowing in the coil, the 
dynamic voltage being applied so as to maintain control of said motor irrespective 
of instantaneous motor gap and driven load characteristics. 

61. The VR motor according to claim 60, wherein said VR motor is one 
of a one-sided and a two-sided motor, and wherein the coil is provided on one of 
the core and the armature of the VR motor. 

62. The VR motor according to claim 60, wherein the dynamic voltage is 
a periodic voltage with a period P, and wherein a flux of the coil is controlled to 
have a zero value for at least one instant in time during each period P. 

63. The VR motor according to claim 60, wherein an underdamped, 
reactive load is coupled to the VR motor. 

64. The VR motor according to claim 60, wherein a resonant load is 
coupled to the VR motor. 

65. The VR motor according to claim 64, wherein the load is an acoustic 
device. 
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66. A control apparatus for a two-sided variable reluctance motor that 
has an armature and a stationary part with a first coil on the core and a second 
coil on the core, and with a first air gap between the first coil and the armature 
and a second air gap between the second coil and the armature, the control 
apparatus comprising: 

a voltage source that provides a voltage waveform to the first and second 

coils; 

a first diode that is provided between the voltage source and the first coil; 

and 

a second diode that is provided between the voltage source and the second 

coil, 

wherein an anode of the first diode and a cathode of the second diode are 
directly connected to the first and second coils, respectively. 

67. The control apparatus according to claim 66, further comprising: 

a capacitor disposed between the first coil and the voltage source, the 
capacitor also being disposed between the second coil and the voltage source, 

wherein the capacitor provides a resonant voltage boost to a voltage output 
from the voltage source to the first and second coils. 

68. A control apparatus for a variable reluctance motor that has a core 
with a coil and an armature, comprising: 

an offset voltage source for providing a DC offset voltage; 
a voltage source for outputting a sinusoidal voltage to the coil that is offset 
by the DC offset voltage; 
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a current sensing unit for sensing current presently passing through the 

coil; 

a rectifying circuit that removes all portions of the sensed current except 

for negative current pulses; and 

a low-pass filter that filters and output of the rectifying circuit, 

wherein an output of the low-pass filter is provided to the offset voltage 

source to provide an adjustment signal to either increase, decrease or maintain a 

current value of the DC offset voltage. 

69. The control apparatus according to claim 68, wherein the DC offset 
voltage is increased when the negative current pulses are above a fixed threshold 
level. 

70. The control apparatus according to claim 68, wherein the current 
sensing unit is a current detection switch that outputs a binary value indicative as 
to whether or not current is flowing through the coil. 
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Figure 2: 
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Figure 3: 
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Figure 6 




52 



+ 
V c 



70 



Active 
Circuit 
Controller 



SW1 



FT 

VVswi 



Dl 



64 



£ 



Vbt 
+ 



V^a-Yk + V* 
+ V* - + V R - 



D2l 66 



L(g)eoil "" Rcoil 



!60 



+ 



VR Motor Coil 



: sw2 68 

r-A* + 



7/41 



Figure 7 
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Figure 9 
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Figure 10 
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FIGURE 14 
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(57) Abstract: Motor control of a variable reluctance motor is ob- 
tained by providing a periodic voltage waveform to a coil of a motor. 
No coil current control or current or flux feedback is needed to ob- 
tain flux waveforms that allow for low-distortion or distortion-free 
operation of the motor. The periodic voltage waveform may be a 
sinusoidal or sawtooth signal, for example, and has a substantial] y 
zero mean for each cycle of the signal. The periodic voltage wave- 
form may be offset to compensate for the resistance of the coil, and 
the coil current may be monitored in order to determine the amount 
of offset required. By providing a zero-mean or substantially zero- 
mean periodic voltage waveform, the coil current and flux in the gap 
between the core and the moving part are guaranteed to reach a zero 
value at some point during each period (or cycle) of the periodic 
voltage waveform. 
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